To test the ability of regenerated endothelium to evoke endothelium-dependent relaxations, male Yorkshire pigs underwent balloon endothelial denudation of the proximal left anterior descending coronary artery. Endothelium-dependent responses were examined in vitro, in rings of coronary segments taken from the denuded area or from the proximal left circumflex coronary artery. The experiments were performed 8 days or 4 weeks after the denudation. Endothelial regrowth was confirmed by histologic examination 8 days after the denudation and by demonstrating the presence of endothelium-dependent relaxations to bradykinin; at that time aggregating platelets evoked normal endothelium-dependent responses. However, 4 weeks after the denudation, the relaxations to aggregating platelets were markedly depressed although continuous endothelial lining was present, and the endothelium-dependent responses to bradykinin, adenosine diphosphate, the Ca 2+ -ionophore A23187, platelet activating factor, and thrombin were unaltered. Four weeks after denudation, endothelium-dependent relaxations to serotonin were depressed. Higher concentration of serotonin induced endothelium-dependent contractions in quiescent rings with regenerated endothelium, suggesting that regenerated endothelial cells may produce endothelium-derived constricting factor(s) and release less endothelium-derived relaxing factor(s) when exposed to the monoamine. The endothelium-dependent relaxation to serotonin was not reduced by the S 2 -serotonergic antagonist ketanserin but prevented by the combined S,-and S 2 -serotonergic blocker methiothepin. The platelet-induced relaxation was due to released serotonin and adenine nucleotides in control left circumflex coronary arteries, but in left anterior descending coronary artery with regenerated endothelium, it was due solely to the latter. The platelet-induced contractions were due to activation of receptors on the smooth muscle cells. Four weeks after denudation, regenerated endothelial cells were morphologically different from native cells; they were elongated and cuboidal, and the number of the cells had increased twofold. At this state, eccentric myointimal thickening was present in the previously denuded portion. These experiments indicate that the protective role of endothelial cells against the vasoconstriction induced by aggregating platelets is depressed in the chronic regenerated state. A lack of responsiveness to serotonin appears to be the cause for the endothelial dysfunction. {Circulation Research 1987;61:256-270) S tudies in vitro demonstrate the important role of the endothelium in mediating responses of vascular smooth muscle to various vasoactive agents, including serotonin and adenine nucleotides released from aggregating platelets and thrombin formed during coagulation.'" 7 The turnover of endothelia] cells is accelerated in response to continuous injury by factors such as hyperlipidemia, 8 hypertension, 9 and mechanical stress, 10 and often the atherosclerotic process is initiated during endothelial regeneration." Vasoconstrictor responses are aug-
mented in atherosclerotic miniature pigs 12 and monkeys. 13 In the former, when endothelial injury is combined with hypercholesterolemia, coronary artery spasm occurs at the level of atherosclerotic areas despite the presence of the regenerated endothelium. 12 Thus, under several pathologic conditions, regenerated endothelial cells may play an important role in mediating the interaction between blood components and vascular smooth muscle cells. "- 14 Regarding the shape, direction, and type of junctions, regenerated endothelial cells are different from native cells. 15 " 17 No information is available on the ability of regenerated endothelial cells to modulate the responsiveness of the underlying vascular smooth muscle. The present experiments were designed to determine whether regenerated endothelium in porcine coronary arteries reacts normally to aggregating platelets, and when the reaction was impaired, to identify the factor(s) involved.
Materials and Methods
Sixty-six male Yorkshire pigs, 8-10 weeks of age (24.0 ± 0.3 kg), were used. In vitro experiments were performed on coronary arteries from 52 pigs, either under control conditions (n = 14), immediately after (« = 2), 8 days after (n = 9), or 4 weeks (28-30 days) (n = 27) afterendothelial denudation. The other 14 pigs were used for scanning and transmission electron microscopy examinations. After endothelial denudation, the pigs were housed individually in temperaturecontrolled animal quarters and were fed regular chow (Hog Finisher, Bedtke Brothers Feed and Seed Co., Dover, Minn.) prior to the in vitro experiment. To prevent excessive weight gain, the daily food intake was limited to an amount equal to 3% of the body weight per day. IS
Coronary Endothelial Denudation
The pigs were anesthetized with 300 mg i.m. of ketamine hydrochloride (Bristol Laboratories, Syracuse, N.Y.), followed by sodium pentobarbital (12.5 mg/kg i. v.; Fort Dodge Laboratories, Inc., Fort Dodge, Iowa). Using aseptic surgical techniques, the right carotid artery was dissected free, and a specially designed coronary guide catheter was inserted down to the left coronary ostium under fluoroscopic guidance. After 15 ml of blood were drawn for determination of the serum concentration of cholesterol (enzymatic method), 19 20 mg lidocaine HC1 (Astra, Santa Clara, Calif.)and 100u/kgheparin(Elkins-Sinn, Inc., Cherry Hill, N.J.) were administered i.v. The electrocardiograph (lead II) and the arterial pressure were monitored continuously. A 3 mm balloon dilation catheter (20 mm in length; United States Catheter and Instruments Corp., Glenn Falls, N.Y.) was advanced through the guide catheter to the left anterior descending coronary artery and gently rubbed against 3 cm of the proximal portion of that artery. 20 Since the diameter of each vessel (3.37 ±0.07 mm) was greater than the diameter of the balloon catheter (3 mm), the balloon did not distend the artery. 20 Before and immediately after the denudation, left coronary angiograms were obtained during injection of 5 ml meglumine diatrizoate (Renographin 76; Squibb, Princeton, N.J.) into the left main coronary artery. Exposures were made at enddiastole with an R wave-triggered x-ray switch. Images were recorded on x-ray film using a cassette-type film holder. Exposure was made at 85-95 kV, 75-100 mA for 35 msec, depending on body weight."Toquantitate the epicardial coronary arterial response, angiograms were analyzed for coronary dimensions along the proximal 3 cm of the artery at every 0.1 mm using a computer-based quantitative angiographic system 20 in a blind manner. In this system, the regression of calculated vs. actual dimensions gives a slope of 0.986, a correlation coefficient of 0.997, and a standard error of estimate of 0.062 mm. 20 This small standard error yields a high degree of accuracy.
Organ Chamber Experiments
The heart was removed following anesthesia with ketamine hydrochloride (300 mg i.m.) and sodium pentobarbital (12.5 mg/kg i.v.). The experiments were performed on rings (3-4 mm long) of proximal left anterior descending and left circumflex coronary arteries. Since endothelial denudation was performed in 3 cm of the proximal portion of the left anterior descending coronary artery from the left coronary orifice, this portion of the artery was used for organ chamber experiments. The same anatomic portion of the left circumflex coronary artery was used as control. After excision, the coronary arteries were immersed in cold Krebs-Ringer bicarbonate solution of the following composition (mM): NaCl 118.3, KC1 4.7, MgSO 4 1.2, KHjPQ, 1.2, CaCl 2 2.5, NaHCO, 25.0, CaEDTA 0.016, and glucose 11.1 (control solution). The rings were cleaned of loose connective tissue, taking special care not to touch the luminal surface. In some rings, the endothelium was removed deliberately by rubbing the luminal surface gently with a cotton swab wetted with control solution. 21 The rings were mounted horizontally in organ chambers filled with 25 ml of control solution (37° C, pH 7.4) gassed with 95% O 2 -5% CO 2 . The preparations were attached to a strain gauge (UC2, Gould Statham, Oxnard, Calif.), and isometric tension was recorded. The rings were progressively stretched until the contractile response evoked by 20 mM KC1 was maximal." They were allowed to equilibrate for 30 minutes before the experiments. To study relaxations, the rings first were contracted with prostaglandin F^ (2x 10" 6 M).
Platelets
Autologous blood (200 ml) was drawn from the left carotid artery of the pig into citrate anticoagulant to yield final concentrations of 9.3 mM sodium citrate, 0.7 mM citric acid, 14 mM dextrose. 6 -23 The blood was centrifuged for 40 minutes at 500 rpm (55g) at room temperature and the platelet-rich plasma was pipetted off. An equal volume of cold citrate anticoagulant solution (in mM: sodium citrate 93, citric acid 7, dextrose 105, and KC1 5, pH 6.5) was added to the platelet-rich plasma, and the mixture was centrifuged for 20 minutes at 1,600 rpm (570g). The supernatant was discarded, and the remaining platelet pellet was resuspended in a small volume of the second citrate anticoagulant mixture. A platelet count of this suspension was then obtained (Coulter Electronics, Inc., Hialeah, Fla.), and the volume of the suspension was adjusted so that when added to the organ chamber (in a dilution of 1:40 or higher), the resulting platelet concentration in the bath was 70,000//xl. Platelet aggregation on exposure to the collagen of the blood vessel wall and the calcium-containing modified Krebs-Ringer bicarbonate solution was evidenced by clearing of the initially turbid solution, and formation of visible platelet clumps , 2324 and detection of the levels of serotonin and thromboxane B 2 in the bath solution.
In some cases, the platelets were incubated in the presence of dazoxiben (6.2 xlO" 3 M), a selective inhibitor of thromboxane A 2 synthetase, 23 or indomethacin (6.2 x 10" 3 M), an inhibitor of cyclooxygenase, for 60 minutes before addition to the organ bath. A comparable concentration of dazoxiben and indomethacin (10~4 M) in the organ chambers caused no change in tension and caused a small decrease in tension (4% of the maximal contraction to KC1), respectively, in quiescent rings (n = 4). Samples of fluid (1.5 ml) were withdrawn from the chambers 7 minutes after the addition of platelets, divided for the determination of the concentrations of thromboxane B 2 and serotonin, and frozen until analysis.
Drugs
The following drugs were used: adenosine diphosphate (ADP; Sigma Chemical Co., St. Louis, Mo.); apyrase (ATPase and ADPase, Grade V from potato; Sigma); bovine thrombin (Sigma); bradykinin (Sigma); calcium ionophore A23187 (Sigma); dazoxiben HC1 (Pfizer Laboratories, N.Y.); indomethacin (Sigma); ketanserin tartrate (Janssen Pharmaceutica, Beerse, Belgium); methiothepin maleate (Hoffmann-La Roche, Nutley, N.J.); PAF-acether (platelet activating factor; Avanti Polar Lipids, Inc., Birmingham, Ala.); potassium chloride (KG; Sigma); prostaglandin F^ (Sigma); 5-hydroxytryptamine creatinine sulfate (serotonin; Sigma); sodium nitroprusside (Sigma); synthetic 8arginine vasopressin (Parke-Davis, Morris Plains, N.J.); theophylline (Sigma). All drugs were prepared daily using distilled water except for calcium ionophore and indomethacin, which were dissolved in dimethylsulfoxide (1%) and NajCOj (10~3 M), respectively. Apyrase was suspended in control solution and added to the organ chambers in a concentration of 16.7 ADPase and 12.5 ATPase activity per 25 ml (as defined by supplier, 1 U activity liberates 1 /xmol PCymin). 23 The drugs were kept on ice during the experiments; the platelet suspension was kept at room temperature. Drug concentrations are reported as the final molar concentration in the bath solution (and in the case of platelet-incubation with dazoxiben or indomethacin in the platelet suspension); the concentration of apyrase is reported as the ADPase activity.
Protocol
After 30 minutes of equilibration, bradykinin [concentration response curve (10~'°-10~7 M) or one dose (10~7 M)] was given to all rings during a contraction caused by prostaglandin F^ (2 x 10" 6 M) to confirm the presence or absence of functional endothelial cells. After this, relaxations were examined during a contraction caused by prostaglandin F^ (2x 10" 6 M) as follows. In set a: 1) serotonin (10" 9 -3x 10" 6 M), 2) platelets (70,000//xl), and 3) thrombin (0.1 U/ml). In set b: 1) adenosine diphosphate (10~8-10~J M), 2) sodium nitroprusside (lO-'-lO" 6 M), and A23187 (10~'-10~6 M). In set c: 1) platelet activating factor (10-8 -10-4 M), and 2) vasopressin (10-|0 -10-4 M). Contractions to serotonin (10~9-3 x 10' 6 M) and platelets (70,000//ttl) in quiescent rings were examined in different sets; this was followed by a concentrationresponse curve to KC1 (5-100 mM).
In organ chamber experiments with isolated rings of blood vessels, unlike under physiologic conditions, or when examining perfused segments of arteries, 26 the administered drugs can reach directly the vascular smooth muscle from the adventitial side and the cut surfaces. It is appropriate to inhibit the direct effects of the drugs on the vascular smooth muscle to examine their effects on the endothelium. Therefore, when determining relaxations to aggregating platelets and serotonin, the rings first were incubated with ketanserin (10~6 M) for 40 minutes. Preliminary experiments demonstrated that the S 2 -serotonergic antagonist unmasks the endothelium-dependent responses to serotonin 27 and platelets (n = 3; data not shown) by inhibiting the S 2 -serotonergic activation of vascular smooth muscle cells. Likewise, the rings were treated with the P,-purinergic blocker theophylline (10~4 M) when studying relaxations to ADP since preliminary observations demonstrated that this drug inhibits the relaxing effect of the adenine nucleotide on smooth muscle cells without affecting the endotheliumdependent component of the action of ADP (n = 3; data not shown). In all experiments in which endotheliumdependent relaxations were investigated, rings were treated with indomethacin (10" 3 M) for 40 minutes prior to inducing contraction with prostaglandin F^ (2 X 10" 6 M) to prevent the synthesis of vasoactive prostanoids. Endothelium-derived relaxing factors) is not a product of cyclooxygenase, and its release is not affected by indomethacin. 528
Serotonin
Immediately after the experiment, 0.5 ml of fluid collected from the organ bath was added to 120 ptl of cysteine (1 % by weight in distilled water) and proteins were precipitated by adding ZnSO 4 and NaOH and centrifuging at l,400g for 30 minutes. The resulting supernatant was frozen until analysis. On the day of analysis, the supernatant was filtered through centrifugal microfilters (Bioanalytical Systems, West Lafayette, Ind.) with regenerated cellulose membranes (pore size, 0.1 fim). The amine in the resulting supernatant was quantitated by reverse-phase high pressure liquid chromatography with electrochemical detection. 29 The interassay coefficient of variation was 5.6%. 24 
Thromboxane B 2
Before analysis, the samples of the solution (1 ml) were centrifuged (3,000g, 10 minutes, 4° C) and brought to pH 3.5 with IN hydrochloric acid. Thromboxane B 2 was extracted with octadecylsilyl silica columns (Bond Elut C18, Analytic-chem International, Harbor City, Calif.) by the method of Powell. 30 Further purification was accomplished by eluting the samples with 2 ml of ethyl acetate onto silica columns (Bond Elut Si). After being washed with a 2-ml mixture of benzene/ethyl acetate (80:20), thromboxane B 2 was eluted with a 4-ml mixture of benzene/ethyl acetate/ methanol (60:40:40) and evaporated to dryness in a 37°C
water bath under nitrogen. The samples were red issol ved in phosphate buffer (pH 7.4). Al iquots (100 /i.1) of standards and diluted samples were assayed by displacement of [ 3 H] thromboxane B 2 from thromboxane B 2 antiserum in a total incubation volume of 30 fil at 4° C. After centrifugation (3,000g, 5 minutes, 4° C), the supernatant containing the antibody-bound [ 3 H] thromboxane B 2 fraction was counted in a scintillation counter, and the concentration of thromboxane B 2 was estimated by comparison with a standard curve. 31 The recovery of the cold standard averaged 94%. The interassay coefficient of variation was 5.6%, and the interassay variation was 9.6%. 24 
Histology
The hearts were divided into 5 horizontal blocks and were examined macroscopically for the presence or absence of myocardial infarction.
The rings used in the organ chamber study were examined histologically by hematoxylin-eosin staining for determination of endothelial lining and general observation and by van Gieson's elastic staining for determination of the thickness of the intima and the media. The maximal thickness of the intima and the mean thickness of the media (an average value of measurements at 4 different points, including one point beneath the maximal intimal thickening) were measured microscopically in a blind manner, and the ratio of intimal to medial thickness was calculated as an index of intimal thickening. 18 Scanning and transmission electron microscopic examinations were performed in 4 control pigs; in 2, immediately after denudation; in 4, 8 days after denudation; and in 4, 4 weeks after denudation. The hearts of these pigs were fixed in situ with 2% glutaraldehyde and 1% paraformaldehyde in 0.1 M cacodylate (pH 7.25) (fixation solution) at a perfusion pressure of 110 mm Hg for 15 minutes. The coronary arteries were then removed and kept in the fixation solution until the analysis. Longitudinal specimens were cut from each coronary artery, coated with carbon and gold-palladium alloy, and examined with a scanning electron microscope (ETEC Autoscan). 32 To avoid possible anatomic differences in numbers of endothelial cells, 20 scanning electron micrographs (magnification, l,000x , Figure 1 ) were taken randomly from each coronary specimen, and
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weeks after denudation. Four weeks after denudation, regenerated endothelial cells were elongated and irregularly oriented, and the number of the cells had increased by approximately twofold. Eight days after denudation, regenerated endothelial cells seemed to be the intermediate between A (control) and D (4 weeks after denudation). Although not shown here, the morphologic appearances and the number of the cells in the control left circumflex coronary artery were unchanged at the 4 different experimental periods.
numbers of the cells were counted in a blind manner and corrected for per mm 2 . Selected specimens were thin-sectioned (600-700 A), mounted on a 200-mesh copper grid, and stained with uranyl acetate and lead citrate. Sections were examined with a Philips 201 transmission electron microscope (Mahwah, N.J.). 32 Electron micrographs were evaluated by at least two investigators, and a consensus reading was made.
Statistical Analysis
Results are expressed as mean ± SEM. In rings contracted with prostaglandin F^, responses are expressed as percent changes from the contracted levels, and in quiescent rings, responses are expressed as percent changes of the maximal response to KC1 (100 mM). Unless otherwise specified, n is the number of animals from which rings were taken. Statistical evaluation of the data was performed by Student's t test for either paired or unpaired observations. When more than two means were compared, a two-way analysis of variance was used. If a significant value was found, Scheffe's test for multiple comparisons was used to identify differences among groups. Values were considered to be statistically different whenp<0.05. For relaxations, the effective concentration of agonists causing 25 or 50% inhibition (ICy or IC^) of the contractions to prostaglandin F^ was calculated for each concentration-response curve, and the means of these values were presented as the negative logarithm of the molar concentration. Since 4 weeks after denudation, the relaxation response to serotonin in rings of left anterior descending coronary arteries did not reach 50% of the precontracted level evoked by prostaglandin F^ (2 x 10" 6 M) in 4 out of 6 cases; IC M values were used instead of IC W values. For contractions evoked by K G , the effective concentration producing 50% of the maximal response (EDjo) was calculated. In the studies where the levels of thromboxane B 2 were measured, incubation of platelets with dazoxiben or indomethacin inhibited thromboxanerelease to below the detection level of the radioimmu-noassay (<53 pg/ml). In these cases, the next lower value (52 pg/ml) was used for statistical analysis.
Results

Baseline Data
The body weight averaged 24.2 ± 0 . 8 kg in the control group (n = 18) and 25.9 ± 1.1 kg in the animals used 8 days after denudation (n = 13). In animals kept for 4 weeks (n = 31), body weight increased significantly from 23.8 ± 0 . 4 to 35.5 ± 0 . 6 kg (p<0.05). The serum concentration of cholesterol was unchanged (108 ± 5 mg/d 1 in the control group and 104 ± 8 mg/d 1 in the 4-week group).
Changes During Denudation Procedure
For the whole group of experimental pigs (« = 48), the denudation procedure acutely and significantly reduced the mean diameter of the denuded left anterior descending coronary artery (from 3.37±0.07 mm before denudation to 2.95 ±0.08 mm after denudation; a 13 ± 1 % reduction in diameter, p<0.05). In contrast, the mean diameter of the control left circumflex coronary artery was unchanged (3.06±0.08 mm and 3.08±0.09 mm before and after denudation, respectively). Heart rate and arterial blood pressure (systolic/diastolic) were not significantly different before and after denudation (111 ± 2 beats/min and 128 ±3/88 ± 2 mm Hg before and 113 ± 2 beats/min and 127 ±3/85 ± 2 mm Hg after the denudation, respectively).
Morphology
MACROSCOPIC EXAMINATION. NO macroscopically visible region of myocardial infarction was present in any of the 66 hearts studied.
LIGHT MICROSCOPY. In all rings used for organ chamber experiments, the presence or absence of endothelium was confirmed histologically. There was no difference in maximal intimal thickness or mean medial thickness between left anterior descending and left circumflex coronary arteries, under control conditions or 8 days after denudation (Table 1) . However, 
Data are expressed as mean ± SEM. Numbers in parentheses are the numbers of rings with endothelium tested in each experimental period. * p < 0 . 0 5 compared with LCX. t p < 0 . 0 5 compared with control.
Intimal thickness = maximal intimal thickenss; Medial thickness = mean medial thickness. I/M ratio = intimal/medial thickness ratio; LAD = left anterior descending coronary artery; LCX = left circumflex coronary artery. 4 weeks after denudation, eccentric myointimal thickening had occurred along the denuded left anterior descending coronary artery ( Table 1 ). The mean medial thickness was slightly but significantly increased 4 weeks after denudation, and the ratio (%) of the maximal intimal thickness to the mean medial thickness was significantly increased. This ratio was unchanged in the left circumflex coronary artery ( Table  1 ). The endothelium covered the inner surface of the blood vessel including the region of myointimal thickening, and there was no thrombus or hemorrhage inside the fibroelastic stroma in the intima. 1833 ELECTRON MICROSCOPY. Undercontrol conditions, the scanning electron microscopy (n = 4) showed that the endothelial cells were flat and arranged parallel to the direction of blood flow in both left anterior descending and left circumflex coronary arteries ( Figure 1A ). Immediately after denudation (n = 2), a monolayer sheet of platelets with no endothelial cells was noted in the proximal left anterior descending coronary arteries ( Figure IB ). Eight days {n = 4) and four weeks (n = 4) after denudation, a ful 1 endothel ial 1 ining on the internal surface of the previously denuded segment was observed ( Figure 1 , C and D). However, 4 weeks after denudation, regenerated endothelial cells were morphologically different from native ones; they were elongated and irregularly oriented. The number of the cells ( x 107mm 2 ) had increased from control level (4.2 ± 0.1) to 5.9 ( ± 0.1) 8 days after denudation (/?<0.05) and to 8.2 (±0.2) 4 weeks after denudation (p<0.05). In contrast, the morphologic appearance and the number of the cells ( X 107mm 2 ) in the left circumflex coronary arteries were unchanged Transmission electron micrography showed that under control conditions, endothelial cells were flat with well-formed junctional complexes in both left anterior descending and left circumflex coronary arteries ( Figure 2A ). Immediately after denudation, a monolayer of platelets in various stages of degranulation covered the exposed subendothelial tissue in the proximal left anterior descending coronary arteries; the internal elastic lamina was relatively intact ( Figure  2B ). Eight days after denudation, regenerated endothelial cells with rich rough endoplasmic reticulum and relatively immature junctional complexes formed a continuous sheet ( Figure 2C ). In several regions, migration of medial smooth muscle cells into the intima was already noted. Four weeks after denudation, regenerated endothelial cells were rounded to cuboidal in height, with relatively well-formed junctional complexes. Multiple layers of rounded smooth muscle cells and interstitial tissue formed the underlying intimal thickening (Figure 2D ). In contrast, in the left circumflex coronary arteries of the 4 experimental groups, endothelial cells were flat with well-formed junctional complexes and no intimal thickening was noted (not shown).
ORGAN CHAMBER EXPERIMENTS. There were no statistically significant differences in optimal basal tension or contractions evoked by prostaglandin F^ (2x 10" 6 M) between the left anterior descending coronary artery and left circumflex coronary artery in the different experimental groups studied ( Table 2) . SODIUM NITROPRUSSIDE.
Sodium nitroprusside (10" 9 -10~6 M) caused comparable concentration-dependent relaxations in rings of left anterior descending and left circumflex coronary arteries without endothelium. These relaxations were not significantly different in left anterior descending coronary arteries taken from control pigs or from pigs that underwent denudation 8 days or 4 weeks prior to the experiment (Table 3 ).
POTASSIUM CHLORIDE. KG (5-100 mM) caused comparable , concentrat ion-dependent contract ions of rings of left anterior descending and left circumflex coronary arteries without endothelium. These contractions were not significantly different in the left anterior descending coronary arteries taken before or after (8 days or 4 weeks) endothelial denudation in situ (Table 3) .
BRADYKININ. Immediately after denudation in situ, rings of the denuded segment of the left anterior descending coronary artery contracted with prostaglandin F^ (2 X 10" 6 M) did not relax during increasing concentrations of bradykinin (10~'°-10~7 M), while rings of the left circumflex coronary artery of the same animals exhibited concentration-dependent decreases in tension (n = 2, data not shown). At both 8 days and 4 weeks after denudation, rings of the proximal segments of the left anterior descending coronary artery exhibited endothelium-dependent relaxations, which did not differ in statistical significance from those obtained in control pigs or in the left circumflex coronary artery of the pigs that underwent the denudation (Table 4 ).
AGGREGATING PLATELETS. In control rings of both left anterior descending and left circumflex coronary arteries contracted with prostaglandin F 2Q , aggregating platelets (70,000/^1) caused endothel ium-dependent relaxations (Figures 3 and 4) . These relaxations were not significantly altered 8 days after denudation but were significantly reduced 4 weeks after denudation in rings from left anterior descending coronary artery, while the relaxations were preserved in rings from left circumflex coronary artery (Figures 3 and 4) .
Four weeks after denudation, the platelet-induced relaxation in rings from control left circumflex coronary artery was partially but significantly inhibited by the combined S,-and S 2 -serotonergic antagonist, methiothepin ( Figure 5 ). The relaxation was inhibited significantly more by apyrase (an ADPase and ATPase). The combination of methiothepin and apyrase abolished the relaxation ( Figure 5 ). In contrast, in rings from left anterior descending artery, the depressed platelet-induced relaxation was not affected by methiothepin but was almost abolished by apyrase ( Figure 5 ). The effect of the combination of methiothepin and apyrase was not significantly different from that of apyrase alone ( Figure 5 ).
In quiescent rings of control left anterior descending coronary artery or left circumflex coronary artery, aggregating platelets (70,000/^1) caused comparable .3±0.3 (18) .8±0.5 (18) .0 + 0.5 (18) .0±0.5 (18 Data are expressed as mean ± SEM. Numbers in parentheses are the numbers of rings tested in each experimental period. LAD = left anterior descending coronary artery, LCX = left circumflex coronary artery: with = with endothelium (intact rings); without = without endothelium (rings denuded in vitro). contractions in the absence but caused similar slight relaxations in the presence of endothelium ( Figures 6  and 7 ). Four weeks after denudation, platelets caused significantly greater contractions of the rings of left anterior descending coronary artery compared with left circumflex coronary artery, while rings without endothelium showed comparable contractions ( Figures 6  and 7) .
Four weeks after denudation, in rings of left anterior descending coronary artery with or without endothelium, the platelet-induced contraction was not affected significantly by the pretreatment of platelets with dazoxiben, a selective inhibitor of thromboxane synthetase, or with indomethacin, an inhibitor of cyclooxygenase ( Figure 8 ). The contraction was abolished by ketanserin, a selective S 2 -serotonergic blocker. The effect of the combination of ketanserin with dazoxiben or with indomethacin was not significantly different from that of ketanserin alone ( Figure  8 ). In contrast, in rings with endothelium from left circumflex coronary artery, slight relaxation induced by platelets was significantly augmented by ketanserin but not affected by dazoxiben (Figure 8 ).
Aggregating platelets released serotonin into the bath solution, at a concentration of 206 ±23 ng/ml (1.2 x 10" 6 M) ( Table 5 ). The release of serotonin was not significantly inhibited by either the presence of ketanserin (10~6 M) in the bath solution or the incubation of the platelets with dazoxiben, indomethacin (6.2 x 10" 3 M), or both ( Table 5 ). Thromboxane B 2 levels measured in the bath solution averaged 236 pg/ml (6.3 X 10"'° M) ( Table 5 ). The release of thromboxane B 2 was not affected by the presence of ketanserin (10" 6 M) in the bath solution, but was significantly reduced by the incubation of the platelets with either dazoxiben or indomethacin ( Table 5 ). ADENOSINE DIPHOSPHATE AND A23I87. Adenosine diphosphate (1O~8-1O~5 M) and the Ca 2+ -ionophore A23187 (lO-'-lO" 6 M) caused comparable, endothelium-dependent relaxations in the left anterior descending and the left circumflex coronary arteries from the different experimental groups studied (Table 4 ).
PLATELET ACTIVATING FACTOR AND VASOPRESSIN. In rings of left anterior descending and left circumflex coronary arteries taken from pigs 4 weeks after denudation, platelet-activating factor (10~8-10~4 M) (n = 5) and vasopressin (10 10 -10~4 M) (w = 3) caused endothelium-dependent and independent relaxations, respectively. The ICJO for platelet-activating factor was -4.44 + 0.10 M and -4.50±0.14M in rings of left anterior descending and left circumflex coronary arteries, respectively, and the values for vasopressin were -6.26±0.03 M and -6.31 ±0.07 M, respectively (not significantly different).
THROMBIN. Thrombin (0.1 U/ml) caused comparable, endothelium-dependent transient relaxations in rings of both left anterior descending and left circumflex coronary arteries from the different experimental groups studied. The relaxations under control conditions, 8 days and 4 weeks after denudation, were 111.5±5.l, 97.4±11.3, and 96.1 ±4.6%, respec-tively, in the left anterior descending coronary arteries, and 110.6±8.6, 99.7±5.3 and 98.9±5.1%, respectively, in the left circumflex coronary arteries (not significantly different). SEROTONIN. In control rings of both left anterior descending and left circumflex coronary arteries contracted with prostaglandin F 2a (in the presence of indomethacin and ketanserin), serotonin (10~"-3x 10" 6 M) caused comparable, endotheliumdependent, concentration-dependent relaxations. The amplitude of these relaxations was significantly reduced, and the IC^ for serotonin was significantly augmented in rings of left anterior descending coronary artery taken 4 weeks (but not 8 days) after denudation ( Figure 9 , Table 6 arteries obtained 4 weeks after denudation was further examined in control condition and in the presence of either ketanserin (10~6 M) or methiothepin (10~6 M) ( Figure 10 ). Under control conditions, the serotonin caused a relaxation from 3 x lO^-lO" 7 M, which was greater in rings from left circumflex coronary artery than in those from left anterior descending coronary artery; in both, higher concentrations of the monoamine caused contraction (Figure 10, left) . Ketanserin inhibited the contractions caused by higher concentrations of serotonin and significantly augmented the endothelium-dependent relaxations to the monoamine (Figure 10 , middle); this relaxation was abolished by methiothepin ( Figure 10, right) .
In quiescent control rings of both left anterior descending coronary artery and left circumflex coronary artery, serotonin (10" g -3 X 10" 6 M) caused comparable concentration-dependent contractions, which were significantly smaller in preparations with than in those without endothelium. Four weeks after denudation, serotonin caused significantly larger contractions in intact rings of left anterior descending coronary artery than in those of left circumflex coronary artery; the ED 50 for serotonin was significantly reduced, and these contractions were larger than those obtained in acutely denuded rings of the left anterior descending coronary artery at a higher concentration (3 X 10" 6 M) ( Figure 11 , Table 6 ). The endothelium-dependent and independent components of the contractions at higher concentration of serotonin were abolished by ketanserin ( Figure 12 ). 
Discussion
The present study provides the first documentation that endothelium-dependent relaxations to aggregating platelets and serotonin are depressed in porcine coronary arteries with regenerated endothelium that have recovered from a previous endothelial injury. This dysfunction occurs at a time when other endotheliumdependent responses are still normal and when the ability of the underlying vascular smooth muscle to relax or contract is unchanged. The findings suggest that the coexistence of endothelial dysfunction and early intimal changes may favor the occurrence of coronary vasospasm.
The evidence that endothelial cells regenerated rapidly after injury has been confirmed by many investigators." Indeed, after injury of the rat aorta, the turnover rate of the endothelium is rapidly increased from 0.1-10%/day or higher. 34 Since endothelial regeneration is achieved by migration and replication of adjacent normal cells, time for full recovery depends on the extent and severity of the damage; in the rat aorta, endothelial regeneration is achieved at a rate of approximately 0.07 mm/day in the circumferential direction and approximately 6 times faster in the axial direction. 16 It takes 48 hours for full endothelial regeneration in the rat aorta after a small defined injury, 33 7 days in the porcine carotid artery after 30 mm length of balloon injury, 32 and 14 days in the iliac artery of the monkey after balloon denudation. 36 In the present study, regeneration was achieved within 8 days after endothelial denudation in the left anterior descending coronary artery; endothelial regrowth is facilitated by the small circumference and the presence of many branches and presumably by the characteristics of the species studied. 32 Unlike the massive endothelial removal used in the present study, under physiologic conditions only focal and spontaneous death of endothelial cells occurs, and successive endothelial replication proceeds at a lower rate. 37 However, under pathologic conditions, such as hyperlipidemia, 8 hypertension, 9 and increases in shear stress, 10 the endothelial turnover rate is accelerated in response to the continuous injury represented by these factors. Under these conditions, regenerated endothelial cells seem to have an important role in mediating the interaction between blood components and vascular smooth muscle cells." H After endothelial denudation, intimal thickening and proliferation of smooth muscle cells have been initiated along with endothelial regeneration," 36 and these processes may favor continuous endothelial injury due to mechanical stress (blood flow turbulence) 10 and may accelerate endothelial turnover at the denuded portion. As reported in previous studies, 15 " 17 the present findings demonstrate that regenerated endothelial cells are morphologically different from native ones and that their number had increased. It is likely that in the Data are expressed as mean ± SEM. The number in parentheses indicate the number of experiments in each group. Control = no treatment of either rings or platelets; Ketanserin = treatment of rings with ketanserin (10~6 M); Dazoxiben = treatment of platelets with dazoxiben (6.2 x 10~2 M); Indomethacin = treatment of platelets with indomethacin (6.2 x 10~3 M);-= concentrations below the detection level of the radioimmunoassay for thromboxane B 2 (53 pg/ml). In these cases, the next lower value (52 pg/ml) was used for statistical analysis. * = p<0.05 compared with control.
chronic regenerated state, endothel ial eel Is did undergo several cell replications." The studies in organ chambers demonstrate that the altered appearance of the endothel ial cells is accompanied by depressed endothelium-dependent relaxations to aggregating platelets and serotonin. However, it remains to be determined whether regenerated endothel ial cells lose their ability to respond to the platelets (and serotonin) progressively or step by step during the replication process.
Endothel ium-dependent responses to aggregating platelets are the expression of the response to several released platelet products and their interactions. 38 The present data strongly suggest that it is the lack of responsiveness to serotonin that underl ies the abnormal endothel ium-dependent response to aggregating platelets for the following reasons. First, in porcine coronary arteries with native endothelium, the plateletinduced relaxation was mediated by both serotonin and adenine nucleotides. However, in the chronic regenerated state, the serotonergic component was no longer present, while the purinergic response was well main- tained. Second, among the vasoactive substances tested that are released from aggregating platelets or formed during coagulation, only the endotheliumdependent responses to serotonin were depressed selectively in the chronic regenerated state. Third, at the concentration of serotonin released from aggregating platelets into the bath solution, the endotheliumdependent responsiveness to the monoamine was significantly impaired in rings with regenerated endothelium compared with those with native endothelium. The present study strongly suggests that in porcine coronary arteries, the endothel ium-dependent relaxations to serotonin are mediated by S,-serotonergic receptors, while the direct excitatory effect of the monoamine on smooth muscle cells is due to activation of S 2 -serotonergic receptors. These conclusions are supported by the observations that the combined S,and S 2 -serotonergic antagonist methiothepin, but not the selective S 2 -serotonergic antagonist ketanserin, prevented the endothel ium-dependent response to serotonin, and both drugs abolished the endotheliumindependent contractions of the coronary arteries. Similar conclusions have been reached in the canine coronary artery. 46 The depressed endothel ium-dependent relaxations to serotonin in the chronic regenerated state could be due to a number of factors. First, the properties of the serotonergic receptors on the endothelial cells may be changed in the chronic regenerated state. 7 Second, the production of endothelium-derived relaxing factor(s) may be decreased. However, endothel ium-dependent relaxations to bradykinin, adenosine diphosphate, A23187, platelet-activating factor, and thrombin were unaltered, which argues against a generalized reduction in the ability of the endothelial cells to produce the relaxing factors). Although the nature of endothel iumderived relaxing factoids) is still unknown, its release is achieved through various pathways. 57 Thus, a selective depression of the release of endothel iumderived relaxing factor(s) to serotonin could explain the observed phenomenon. Third, since the half-life of the endothel ium-derived relaxing factors) is extremely short, 28 the thickened intima may reduce the diffusion of the factoids). This possibility seems to be unlikely because endothel ium-dependent relaxations to other vasoactive agents were well preserved. However, since the relaxation to serotonin was depressed along with the aorta of the spontaneously hypertensive rat, 24 the endothelium-dependent contraction appears to be mediated by S 2 -serotonergic receptors as it is prevented by ketanserin. However, since relatively high concentrations of serotonin are needed to evoke endothelium-dependent contractions, the depressed endothelium-dependent relaxations to serotonin cannot be explained by this mechanism only. Therefore, it is reasonable to assume that in the chronic regenerated state, a depressed release of endothelium-derived relaxing factor(s) by serotonin may coexist with the augmented liberation of endothelium-derived constricting factors).
Early intimal changes accompanied the endothelial dysfunction. Endothelium-dependent relaxations to acetylcholine are depressed in the aorta of atherosclerotic rabbits and coronary artery of humans with the disease at a time when endothelium-dependent responses to Ca 2+ -ionophores are preserved. 41 Similarly, . Cumulative concentration-response curves to serotonin (5-hydroxytryptamine) in quiescent rings under control conditions (left) and 4 weeks after endolhelial denudation (right). LAD is left anterior descending coronary artery; LCX is left circumflex coronary artery. * denotes a statistically significant difference (p<0.05) between left anterior descending and left circumflex coronary arteries. t denotes a statistically significant difference (p<0.05) between rings with and without endothelium of the left anterior descending coronary artery.
in the iliac artery of hypercholesterolemic, atherosclerotic monkeys, endothelium-dependent relaxations to acetylcholine and thrombin are depressed. 42 The present findings could explain the augmented vasoconstrictor responses to serotonin that have been described in animals with hypercholesterolemia, 43 hypertension, 24 and atherosclerosis, 12 ' 131844 the repetitive occurrence of coronary artery spasm at a fixed atherosclerotic portion in humans, 43 and late occurrence of the spasm after successful percutaneous transluminal coronary angioplasty. 46 
